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We study Weyl nodes in materials with broken inversion symmetry. We find based on first-principles calcu-
lations that trigonal Te and Se have multiple Weyl nodes near the Fermi level. The conduction bands have a
spin splitting similar to the Rashba splitting around the H points, but unlike the Rashba splitting the spin direc-
tions are radial, forming a hedgehog spin texture around the H points, with a nonzero Pontryagin index for each
spin-split conduction band. The Weyl semimetal phase, which has never been observed in real materials without
inversion symmetry, is realized under pressure. The evolution of the spin texture by varying the pressure can be
explained by the evolution of the Weyl nodes in k space.
PACS numbers: 71.20.Mq, 71.70.Ej, 03.65.Vf, 71.30.+h
Materials having a linear dispersion (Dirac cone) such as
graphene [1] have been under intensive investigation recently.
Among various Dirac cones in band structures of solids, three-
dimensional Dirac cones without spin degeneracy are of par-
ticular interest because of their topological nature. A material
having three-dimensional Dirac dispersion without degener-
acy near the Fermi energy is called a Weyl semimetal [2].
In Weyl semimetals the Dirac cones have no spin degener-
acy because of the spin-orbit interaction (SOI). The gapless
Dirac points without degeneracy are called Weyl nodes. Inter-
estingly, the Weyl nodes are protected topologically against
small perturbations because they have nontrivial topological
invariants, namely a monopole charge associated with the
Berry curvature in k space [3–5]. Each Weyl node is either
a monopole or an antimonopole, having a monopole charge of
+1 or −1, respectively. The effective Hamiltonian around the
Weyl node is expressed by a 2 × 2 matrix which has degrees
of freedom of helicity reflecting the monopole charge. Thus
the system having Weyl nodes naturally has nontrivial spin
texture. In particular, if the lattice structure lacks mirror sym-
metry, the Weyl node will bring unconventional spin texture
and nontrivial phenomena, because mirror symmetry imposes
strong restrictions on the spin direction. The Weyl semimetal
is realized in a system which breaks time-reversal or inversion
symmetry. For Weyl semimetals with broken time-reversal
symmetry, pyrochlore iridates [2, 6], HgCr2Se4 [7], and a su-
perlattice with a normal insulator and a topological insulator
with magnetic doping [8, 9] have been proposed. On the other
hand, for Weyl semimetals with broken inversion symmetry,
a superlattice consisting of a normal insulator and a topolog-
ical insulator with an external electric field is proposed [10],
while there have been no proposals of real materials for Weyl
semimetals without inversion symmetry.
In this letter, we will show using first-principles calcula-
tions that trigonal Te and Se are such systems. The materials
are gapped at ambient pressure. We find spin-split conduction
bands near the Fermi energy, where the bands are degener-
ate at the H point, and the splitting is linear in the wavevector.
This degeneracy has a unit monopole charge for the Berry cur-
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FIG. 1. (Color online) (a) Crystal structure of trigonal Te (Se) in
the P3121 structure. (b)-(d) Isosurface of the maximally localized
Wannier functions for the Te-5p orbitals.
vature, and can be regarded as a Weyl node. The spin around
the H point is hedgehog-like radial texture, which reflects low
symmetry of the lattice structure. It is in contrast with the typ-
ical spin splitting where spin and velocity are perpendicular to
each other, observed in Rashba systems [11, 12] and in topo-
logical insulators [13]. We also find that trigonal Te shows
the Weyl semimetal phase with time-reversal symmetry under
pressure. The hallmark of the Weyl semimetal phase can be
experimentally observed by e.g. the temperature dependence
of various physical quantities such as specific heat, compress-
ibility, diamagnetic susceptibility, and dc conductivity [14].
Te and Se have a characteristic helical structure, as shown
in Fig. 1 (a). The helical chains containing three atoms in a
cell are arranged in a hexagonal array. The space group is
P3121 or P3221 (D43 or D63) depending on the right-handed
or left-handed screw axis. The materials are p electron sys-
tems (Figs. 1(b)-(d)). They are semiconducting at ambient
pressure. A transition to metal takes place under pressure.
The trigonal phase is stable at about 4 and 14 GPa at room
temperature in Te and Se, respectively, and the pressure of
2the structural phase transition in Te increases by about 0.03-
0.04 GPa as the temperature decreases down to 10 K [15].
As far as we know, there have been no studies on the metal-
insulator transition and the structural transition in the trigo-
nal phase at low temperature under high pressure. The elec-
tronic structure has been studied using the k · p perturbation
method [16] and the pseudopotential technique [17, 18]. A
recent density-functional calculation including the SOI pre-
dicted that Te would become a strong topological insulator
under shear strain [19].
A structural phase transition is experimentally observed
near the pressure of metal-insulator transition. However, the
high pressure phase is still under debate [20, 21]. The re-
lation between the metal-insulator transition and structural
phase transition is not yet clarified as well. In this letter, we
study the pressure range up to the vicinity of structural phase
transition, 3.82 GPa in Te and 14.0 GPa in Se [22], in which
the trigonal structure holds even at room temperature. The
trigonal phase is more stable at lower temperature. Our calcu-
lations are based on relativistic density function theory using
QMAS code [23], and the GW correction is added [24–26].
Figures 2(a) and (b) show the band structures of Te and
Se at ambient pressure. (See Fig. 2(f) for the symmetry
points.) Both materials have 18 states near the Fermi level
ranging from −6 to +4 eV. The 18 eigenstates are classi-
fied into three types [17]. The deepest six states have bond-
ing character between the nearest-neighbor atoms. The mid-
dle six states are lone-pair states, and the unoccupied six
states are anti-bonding states. Both the bonding and anti-
bonding states mainly originate from the py′ and pz′ orbitals
((|py′i〉+ |pz′(i+1)〉)/
√
2 and (|py′i〉−|pz′(i+1)〉)/
√
2, respectively),
while the lone-pair bands mainly consist of the px′ orbitals.
Here, |py′i〉 (|pz′i〉), shown in Fig. 1(c) (Fig. 1(d)), is centered
at the i-th site and oriented to the nearest-neighbor atom in the
positive (negative) c direction. The remaining orbital, shown
in (b), is extended perpendicular to the triangle formed by the
two bonds. We call this orbital px′ . The nearest-neighbor
hopping between the py′ and pz′ orbitals reaches 2.4 eV (3.3
eV) in Te (Se). This strong σ bonding generates a large en-
ergy separation between the bonding and anti-bonding bands,
which contributes to the stabilization of the helical structure.
The materials are gapful, and 12 out of the 18 bands are occu-
pied. The band gap in the GW+SO is 0.314 (1.74) eV in Te
(Se), which is in good agreement with the experimental value
of 0.323 (2.0) eV [37, 38]. Both the bottom of the conduc-
tion band and top of the valence band are close to but slightly
off the H point in Te (Fig. 2(c)). In Se, the top of the va-
lence band is located near the L point, and the energy level
at H is slightly lower than L (Fig. 2(d)). The lowest unoccu-
pied state (LUS) at H is doubly-degenerate. Their character is
(|py′i〉+ |pz′i〉)/
√
2. The highest occupied state (HOS) at H has
strong px′ character, with small py′ and pz′ components.
As the Fermi level is shifted across the LUS level, the Fermi
surface (FS) shrinks to the H point, then turns to grow larger.
We calculate the monopole charge of the LUS at H [39], and
find that the doubly-degenerate states form a Weyl node. The
FIG. 2. (Color online) Electronic structures of (a) Te and (b) Se at
ambient pressure obtained by the GW+SO. (c) and (d) are magnified
figures for Te and Se, respectively. (e) and (g) are electronic struc-
tures of Te at 2.18 GPa and 3.82 GPa, respectively, and (h) is that of
Se at 14.0 GPa. (f) is the Brillouin zone. P1 (P3) on the H-K line
and ∆1 (∆3) on the A-Γ line have the same kz. S1 (P2) is on the H-
A (H-K) line. Weyl points are indicated by the black dashed/white
solid circles having a positive/negative monopole charge (calculated
from lower eigen states around the degenerate point). The energy is
measured from the Fermi level.
same analyses for other degenerate states indicate that some
of them at H, K, A, Γ, L and M are also Weyl nodes with
monopole charge ±1. In the valence bands on the H-K line,
there is an accidental degenerate point P1. This point is also
Weyl node. Of particular interest are the Weyl nodes at the H
points close to the Fermi energy as the pressure is increased.
The H points are not the time-reversal invariant momenta, but
invariant under the operations of both a rotation of 2pi/3 about
the c axis followed by the fractional translation c/3, S 3, and
a rotation of pi about the a axis, C2. At the H points the ir-
reducible representations (irreps.) are two one-dimensional
irreps., H4 and H5, and a two-dimensional irrep., H6 [16]. The
state with the H6 irrep. is always a Weyl node [41], as one can
see from the two-band Hamiltonian for the doubly-degenerate
occupied bands near the H point obtained in Ref. [16].
The band gap decreases with increasing pressure. The bot-
tom of the conduction band is pulled down toward the Fermi
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FIG. 3. Motion of Weyl nodes by increasing pressure. The filled
and empty circles represent monopoles and antimonopoles for the
HOS, respectively. (a) When pressure is increased, a monopole-
antimonopole pair is created at each P point (P2 and P3 in Fig. 2(e))
at 2.17 GPa, and the system becomes a Weyl semimetal. They run
along the H-K lines, and (b) two monopoles meet at each of the H
points at 2.19 GPa. (c) Then they evolve into three monopoles along
the H-A lines (S1 in Fig. 2(g)), and one antimonopole residing at the
H point.
level, and the shape of the conduction band bottom becomes
sharp as the insulator-to-metal transition is approached. This
is consistent with the experiment that the thermal dependence
of the resistivity decreases with increasing pressure [15]. In
Te, when the pressure is increased, the gap closes at four P
points, which are related with each other by the C2 rotation
and time-reversal symmetry. Each of this gap closing at P cor-
responds to a monopole-antimonopole pair creation of Weyl
nodes, and the system becomes a Weyl semimetal at 2.17-
2.19 GPa (Fig. 2(e)). The P2 and P3 points are Weyl nodes
between the valence and conduction bands. Topological sur-
face states connecting these points (Fermi arcs) emerge on the
(01¯10) surface [42]. It is seen by constructing an effective
model around these points, noting the irreducible represen-
tations at the P points: the HOS with P6 and the LUS with
P4 or P5. Although the transition pressure could be slightly
affected by the numerical convergence, the existence of the
Weyl semimetal phase is robust because the Weyl node is sta-
ble for small perturbations in a three-dimensional system with
broken inversion symmetry [5]. At higher pressure, the sys-
tem becomes metallic. In addition to P1, the P2 and P3 points
on the H-K line and the S1 point on the H-A line are also Weyl
nodes (Fig. 2(g)).
In Se under pressure (∼1 GPa), the highest occupied energy
level at H becomes higher than that at L, and the top of the va-
lence band is located near the H point. The shape of the 18 p
bands at 14.0 GPa is very similar to that of Te at 3.82 GPa, but
Se is still insulating with an energy gap of 0.02 eV (Fig. 2(h))
because the SOI in Se is weaker than that in Te. The splitting
between H4 and H5 becomes larger than that at ambient pres-
sure because the splitting originates from the inter hopping
between the chiral Se chains. With higher pressure keeping
the trigonal structure, the four Weyl nodes will emerge near
the H points under the Fermi level.
Motion of Weyl nodes of Te under the phase transitions are
schematically shown in Fig. 3(a). In the entire Brillouin zone,
there are eight Weyl points, i.e. four monopoles and four an-
timonopoles for the HOS. As we increase the pressure fur-
ther, the monopoles move and eventually, at each H point two
monopoles meet (Fig. 3(b)). This corresponds to the cross-
ing of the doubly degenerate LUS (H6) at H and the single
HOS (H4), by increasing pressure. In fact, there emerge other
small FS’s in addition to the Weyl nodes on the H-A line, and
furthermore, these Weyl nodes are not on the same energy as
seen in Fig. 2(e). Nonetheless, the energy bands are gapped
between the monopole and antimonopole along the H-K line
and therefore the topological properties of Weyl semimetals
survive. When the pressure is increased, these two monopoles
at each H point are dissociated into three monopoles and one
antimonopole, and the three monopoles run along the three
H-A lines (Fig. 3(c)). This dissociation necessarily occurs be-
cause the HOS at H now belongs to the H6 irrep. which im-
poses a single Weyl point at the H point. On the other hand,
the four antimonopoles at the P points remain, but their ener-
gies becomes higher than that at H points. At this pressure,
the system is a metal (Fig. 2(g)), and an electron-like pocket
appears around the H point.
Finally, we discuss spin texture in k space. The spin is par-
allel to the side on the sides of the triangular prism formed
by the A, H, H’, Γ, K, and K’ points (Fig. 4(a)), because of
the symmetry reason for the S 3 operation (for the A-Γ, H-
K and H’-K’ lines) and C2 operation (for other lines). Fig-
ures 4 (b)(c) are the FS’s and the spin textures in Te at ambi-
ent pressure. (Since the system is insulating, we have slightly
shifted the Fermi level by 0.31 eV.) We can see two FS’s
around the H point. Remarkably, the spin is oriented radi-
ally, and rotates once around H. The direction on the small
FS is opposite to that in the large FS. In fact, although the
energy splitting of the FS’s looks similar to the Rashba split-
ting, the radial structure of spins is different. In usual Rashba
systems in metal surfaces, semiconductor heterostructures or
three-dimensional Rashba systems such as BiTeI [11], mir-
ror symmetries are present, and the spins become perpendic-
ular to the mirror plane when the wavevector is on the mirror
plane, and radial spin texture is never realized. In addition,
the two FS’s are separated with each other in Te and Se. If
the present system had mirror symmetry in addition, whose
mirror plane includes the z axis, the two FS’s would touch
each other at kx = ky = 0 by symmetry. The completely sep-
arated three-dimensional FS’s are characteristic of the system
without mirror symmetry. Thus the small (large) FS around
the H point has a hedgehog spin structure, characterized by a
Pontryagin index −1 (+1) [45].
We also note that in ambient pressure, the radial spin texture
for the LUS is identical between the two H points, H and H’.
This spin splitting due to the SOI is represented by a Hamil-
tonian Λσ · k where k is a deviation of the wavevector from
H or H’, σ is the spin, and Λ is a constant. This spin splitting
leads to spin transport such as spin Hall effect and current-
induced spin polarization, whose spin directions are different
from the conventional Rashba splitting. In addition, the HOS
at H and that at H’ have opposite spins along the z direction.
This is reminiscent of the spin splitting in MoS2 and WS2 thin
4FIG. 4. (Color online) Fermi surface and spin structure of Te. (a)
is the Brillouin zone around the H point. The k point on the red
line is unchanged under the S 3 or C2 operations. The Fermi level is
shifted by 0.31 eV in (b) and (c). (d) is the Fermi surface at 3.82
GPa. Arrows surrounded by circles represent the spin projected onto
each plane.
films [46]. Therefore one can associate the p-type carriers at
the H and H’ points with a valley degree of freedom, which
couples with the spins.
Because the two structures P3121 and P3221 are trans-
formed into each other by space inversion, they realize op-
posite signs for the spin-valley coupling. Hence a domain
wall between the two structures may potentially be used as
a “valley switch” for p-type carriers. On the other hand, the
LUS shows opposite spin textures between the two crystallo-
graphic structures, and they correspond to the two signs of the
SOI term ±Λσ · k.
In the metallic phase at 3.82 GPa, there are three FS’s near
the H point (see Fig. 2(g)). One is surrounding the H point,
and is electron-like. The other two are hole-like. The former
cut at kz = pi/c is shown in Fig. 4(d). The spin has no z com-
ponent on this plane. It is oriented radially on the H-L, H-L’,
and H-L” lines, but this is not the case at other k points. As
we follow the FS on the kz = ±pi/c plane and go around the H
point, the spin rotates twice. This reflects the fact that within
the kxky-plane the sum of monopole charge amounts to two
(Fig. 3(c)). On the other hand, the spin on the hole-like FS’s
rotates only once on the kxky-plane. In the P3221 structure,
the direction of spin is opposite to that in P3121.
In summary, we have studied the electronic structures of
trigonal Te and Se as the systems having the Weyl nodes with-
out inversion symmetry. The materials undergo insulating-
semimetallic-metallic transitions under pressure. We find this
semimetallic phase is a Weyl semimetal, which is a first pro-
posal for real materials of Weyl semimetals with broken inver-
sion symmetry [47]. The phase transition is fully understood
in terms of the Weyl nodes thanks to their topological nature.
The conduction band at ambient pressure shows a Rashba-like
spin splitting near the H points, but shows a hedgehog spin
texture unlike the Rashba splitting. The spin is directed to the
side on the ΓKK’-AHH’ triangular prism, and rotates around
the H point. Under pressure, the number of the rotations varies
on the kxky-plane.
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6Supplemental Materials
S.1 DETAIL OF AB INITIO CALCULATION
Our calculations are based on the density function the-
ory in the local density approximation (LDA) [S1]. We use
a first-principles code QMAS (Quantum MAterials Simula-
tor) [S2] with electronic wavefunctions expressed as two-
component spinors [S3] based on the projector augmented-
wave method [S4, S5]. The plane-wave energy cutoff is set to
40 Ry, and the 6 × 6 × 6 k-mesh is employed. Te is wrongly
described to be a metal in the LDA. In order to correct the
band gap, we evaluate the GW self-energy [S6] using the
full-potential linear muffin-tin orbital code [S7, S8]. In the
GW calculation, the spin-orbit interaction is neglected. The
6 × 6 × 6 k-points are sampled and 51 × 2 unoccupied con-
duction bands are included, where ×2 is the spin degrees of
freedom. The calculation is sufficiently converged within 10
meV, and it does not affect our conclusions, except for slight
deviation of transition pressures. Fully-relativistic electronic
structures including both the spin-orbit interaction (SOI) and
GW self-energy correction are obtained by diagonalizing the
following Hamiltonian:
HGW+SOmn (R) = 〈φm0|HLDA+SO|φnR〉
+ 〈φm0| − VLDAxc + ΣGW |φnR〉, (S.1)
whereHLDA+SO, VLDAxc , and ΣGW are the Kohn-Sham Hamilto-
nian in the LDA with the SOI, the LDA exchange-correlation
potential, and the GW self-energy, respectively. φnR is the
maximally localized Wannier function (MLWF) [S9, S10] of
the nth orbital centered at the unit cell R. We construct 9×2
MLWF’s spanning the p bands. For each spin, three MLWF’s
out of 9 are centered at each of the three atoms in the unit cell.
Experimental structures for the trigonal phase are used in the
present study [S13, S11, S12]. The bond length for the intra-
and inter-chain (r,R) is (2.83, 3.49) Å in Te and (2.37, 3.44) Å
in Se, respectively. Hence, Se has stronger one-dimensional
character than Te. The a lattice constant decreases, whereas
c increases under pressure [S13]. At pressures between avail-
able experimental data in Ref. [S13], we determine the Hamil-
tonian in the MLWF basis by linear interpolation.
S.2 CALCULATION OF MONOPOLE CHARGE
To calculate the value of the monopole charge, we use a
computational scheme proposed by Fukui et al. [S14]. We
define a small cubic region around each degenerate point. A
U(1) link variable of the nth band is defined as
Uµ(kl, s) = 〈n(kl, s)|n(kl + µˆ, s)〉/Nµ(kl, s), (S.2)
where µ = 1, 2 is the direction of the k vector on the surface of
the cubic, kl is the k vector at the lth mesh point, s = 1-6 is the
index for the six surfaces of the cubic, µˆ is the vector between
the nearest mesh points for the µ direction, and Nµ(kl, s) =
〈n(kl, s)|n(kl + µˆ, s)〉. The monopole charge c˜n is calculated
from Uµ(kl, s),
c˜n =
1
2pii
∑
l,s
[ ˜F12(kl, s) − ∆1 ˜A2(kl, s) + ∆2 ˜A1(kl, s)], (S.3)
where ˜F12(kl, s) is a lattice field strength,
˜F12(kl, s) = ln U1(kl, s)U2(kl+ ˆ1, s)U1(kl+ ˆ2, s)−1U2(kl, s)−1,
(S.4)
− pi < 1
i
˜F12(kl, s) ≤ pi, (S.5)
and ∆µ ˜Aν(kl, s) is a difference of the gauge potential,
∆µ ˜Aν(kl, s) = ln Uν(kl + µˆ, s) − ln Uν(kl, s), (S.6)
− pi < 1
i
˜Aµ(kl, s) ≤ pi. (S.7)
We employ the 20×20 k-mesh on the six surfaces of the cube,
which we found is sufficient for numerical convergence.
S.3 PROTECTION OF WEYL NODE AND SYMMETRY
BREAKING
The Weyl point between H and K in Te/Se belongs to the
two-dimensional irreducible representation, and in that sense
it originates from symmetry. At the same time it is pro-
tected topologically due to its nonvanishing monopole charge.
Therefore, even when the spatial symmetry is lowered, the
three-dimensional Weyl point does not disappear, thanks to
topological protection [S15, S16]. The Weyl node only shifts
in momentum space to another k point having lower symme-
try.
For example, if only the B site in Te/Se moves to the center
axis of the Te/Se chain, the S 3 symmetry is broken and one of
the C2 rotations survives. Then, the Weyl node of H6 moves
along the A-H-L’ line having the C2 symmetry (Fig. 1). When
the last C2 symmetry is also broken, the Weyl node will sur-
vive, and it will move to another k point with no additional
symmetry.
S.4 TOPOLOGICAL SURFACE STATE
We calculate the surface state on the (01¯10) surface of Te
in the Weyl semimetal phase. The calculation is based on the
surface Green’s function method [S17, S18], using the ab ini-
tio parameters of Te at 2.18 GPa in the GW+SO method for
this calculation. The system contains 240,000 atoms in to-
tal. The surface Green’s function is the projection of the full
Green’s function to that of 12 atoms in the surface region.
101 × 101 k-mesh and 101 energy mesh are employed near
the Weyl points.
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Fig. S 1. (Color online) Electronic band structure of distorted Se
having only C2 symmetry along a axis. The length between the B
site and the center axis of the Se chain is 0.95 times smaller than that
of the other sites. The energy is measured from the Fermi level. The
calculation is based on the LDA+SO.
Figure 2(a) is the crystal structure near the (01¯10) surface.
For comparison, we also show the correspondent band struc-
tures of the bulk in Figs. 2(b)(c). The Weyl points are at p2,
and p3, and the gap is opened between these two Weyl points.
In the Weyl semimetal phase, the nontrivial surface states
emerge on the surface as the consequence of the topological
nature of the bulk. Figure 2(d) shows the density of states
at the Fermi energy on the surface. The hole/electron pocket
originating from the bulk states exists around the h/p2 point.
The folded bulk states are on the inside of the band structure
of the bulk (Figs. 2(e)(f)). In addition to the bulk states, the
Fermi arc connecting the two Weyl points (p2 and p3) exists in
kx ≤ 1/3 region. The topological surface states run between
the valence and conduction bands, and those at the Fermi level
are the Fermi arc in Fig. 2(d).
S.5 SPIN TEXTURE AROUND A WEYL NODE
Here we show that spin texture around a Weyl node is non-
trivial, having a nonzero Pontryagin index. An example is a
hedgehog spin texture discussed in the main text. Suppose a
Weyl node at k0. An effective Hamiltonian around the Weyl
node for the two bands involved is represented as [S15, S16]
H =
∑
i, j=1,2,3
ai jδkiσ j =
∑
j
b jσ j, b j =
∑
i
ai jδki (S.8)
where ai j is a constant, δk = k − k0 is the deviation of the
wavevector from the Weyl node at k0, and σ j is the Pauli ma-
trix acting on a pseudospin space. It is straightforward to cal-
culate its eigenvectors |ψ±〉 for the eigenvalues E = ±|b|, cor-
responding to the upper and lower bands. Then the monopole
charge N± for the Weyl node for each band with E = ±|b| is
calculated as a surface integral of the Berry curvature over a
closed surface enclosing the Weyl node:
N± =
" dS k
2pi
iεi jk
〈
∂ψ±
∂ki
∣∣∣∣∣ ∂ψ±∂k j
〉
= ∓sgn(deta), (S.9)
where deta is the determinant of the matrix with entities ai j.
We here assume deta , 0, because otherwise it is not a Weyl
node. On the other hand, the expectation value of the pseu-
dospin for each band is
S± ≡ 〈ψ± |σ|ψ±〉 = ±b/|b|, (S.10)
which depends on k. Therefore, the Pontryagin index for the
spin texture around the Weyl point is
P± =
" dS k
4pi|S±|3
εi jkS± ·
(
∂S±
∂ki
× ∂S±
∂k j
)
= ±sgn(deta).
(S.11)
Hence we conclude that P± = −N± = ±1. meaning that the
Pontryagin index for the spin texture around the Weyl node is
±1 which is equal to (−1) times the monopole charge.
In general condensed matter systems, various bands with
various orbitals are involved in the Weyl node. In this case
the Pauli matrix in Eq. (S.8) acts on a pseudospin space, not
a spin itself. Nevertheless, in the present system with a spin-
orbit coupling without inversion symmetry, every state is gen-
erally nondegenerate, and has a specific spin state. Hence the
pseudospins are closely related with real spins, and therefore
the spin texture for real spins is also expected to have nontriv-
ial spin structure with a nontrivial Pontryagin index. As we
found in the first-principle calculations, it is indeed the case
for Te.
[S1] D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980);
J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
[S2] http://qmas.jp/
[S3] T. Kosugi, T. Miyake, and S. Ishibashi, J. Phys. Soc. Jpn. 80,
074713 (2011).
[S4] P. E. Blo¨chl, Phys. Rev B 50, 17953 (1994).
[S5] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[S6] L. Hedin, Phys. Rev. 139, A796 (1965); L. Hedin and S.
Lundqvist, Solid State Physics, edited by H. Ehrenreich, F.
Seitz, and D. Turnbull (Academic, New York, 1969), Vol. 23.
[S7] M. van Schilfgaarde, T. Kotani, and S. V. Faleev, Phys. Rev. B
74, 245125 (2006).
[S8] T. Miyake and F. Aryasetiawan, Phys. Rev. B 77, 085122
(2008).
[S9] N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847 (1997).
[S10] I. Souza, N. Marzari, and D. Vanderbilt, Phys. Rev. B 65,
035109 (2001).
[S11]
[12] C. Adenis, V. Langer, and O. Lindqvist, Acta Crystallogr. Sect.
C 45, 941 (1989).
[S12] D. R. McCann, L. Cartz, R. E. Schmunk, and Y. O. Harker, J.
Appl. Phys. 43, 1432 (1972).
[S13] R. Keller, W. B. Holzapfel, and H. Schulz, Phys. Rev. B 16,
4404 (1977).
8Fig. S 2. (Color online) (a) Crystal structure of Te near (01¯10) surface. (b) Electronic band structure of bulk Te along the kz direction, where
we take three unit vectors as (a, 0, 0), (0, √3a, 0), and (0, 0, c). h, p2, and p3 correspond to H, P2, and P3 in the normal unit cell. (c) Electronic
band structure of bulk Te along the kx direction, where kz is that of midpoint between p2 and p3. (d) The intensity color plot of the density of
state at the Fermi level in the surface region. (e) and (f) are the intensity color plot of the density of state in the surface region corresponding
to (b) and (c), respectively.
[S14] T. Fukui, Y. Hatsugai, and H. Suzuki, J. Phys. Soc. Jpn. 74,
1674 (2005).
[S15] G. E. Volovik, The Universe in a Helium Droplet, (Oxford
University Press, Oxford, 2003).
[S16] S. Murakami, New J. Phys. 9, 356 (2007); (Corrigendum)
ibid. 10, 029802 (2008).
[S17] I. Turek, V. Drchal, J. Kudrnovsky, M. Sob, and P. Weinberger,
Electronic Structure of Disordered Alloys, Surfaces and Inter-
faces, (Kluwer Academic, Boston, 1997).
[S18] X. Dai, T. L. Hughes, X.-L. Qi, Z. Fang, and S.-C. Zhang,
Phys. Rev. B 77, 125319 (2008).
